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Fe excess is  believed to generate oxidative stress. To contribute to 
the understanding of Fe metabolism, Fe excess was induced in 
Nicotiana plumbaginifolia grown in hydroponic culture upon root 
cutting. Toxicity symptoms leading to brown spots covering the leaf 
surface became visible after 6 h. Photosynthesis was greatly affected 
within 12 h; the photosynthetic rate was decreased by 40%. Inhi- 
bition of photosynthesis was accompanied by photoinhibition, in- 
creased reduction of photosystem 11, and higher thylakoid energi- 
zation. Fe excess seemed to stimulate photorespiration because 
catalase activity doubled. To cope with cellular damage, respiration 
rate increased and cytosolic glucose-6-phosphate dehydrogenase 
activity more than doubled. Simultaneously, the content of free 
hexoses was reduced. lndicative of generation of oxidative stress 
was doubling of ascorbate peroxidase activity within 12 h. Contents 
of the antioxidants ascorbate and glutathione were reduced by 
3070, resulting in equivalent increases of dehydroascorbate and 
oxidized glutathione. Taken together, moderate changes in leaf Fe 
content have a dramatic effect on plant metabolism. This indicates 
that cellular Fe concentrations must be finely regulated to avoid 
cellular damage most probably because of oxidative stress induced 
by Fe. 

Fe is an essential element for many proteins involved in 
cellular processes of higher plants, most notably photosyn- 
thesis and respiration. Despite this, many aspects of Fe 
metabolism, such as phloem loading and unloading, intra- 
cellular transport (e.g. uptake in mitochondria and chloro- 
plasts), storage, and homeostasis, are largely unknown. 
This holds true for both the physiology and the molecular 
biology of Fe metabolism. Only Fe uptake in roots has 
received more attention. However, although the principle 
of the uptake route by dicots has been known for more than 
20 years, namely that soil Fe3+ chelates are reduced at the 
root surface to Fe2+, which is the actual uptake form 
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(Chaney et al., 1972), none of the involved transport pro- 
teins has yet been identified at the protein or cDNA level. 

Clearly, Fe metabolism should be adapted to the cellular 
demands. Whereas Fe deficiency results in chlorosis, Fe 
excess is believed to generate oxidative stress (Halliwell 
and Gutteridge, 1984). Toxic reduced O, species are inev- 
itable by-products of biological oxidations. The toxicity of 
the relatively unreactive superoxide radicals and H,O, 
arises by the Fe-dependent conversion into the extremely 
reactive hydroxyl radicals (Haber-Weiss reaction) that 
cause severe damage on membranes, proteins, and DNA 
(Halliwell and Gutteridge, 1984). Because hydroxyl radi- 
cais are by far too reactive to be controlled directly, aerobic 
organisms eliminate the less reactive O, species as effi- 
ciently as possible. H,O, is removed by catalases, ASA 
peroxidases, and GSH peroxidases. The dismutation of 
superoxide radicals to O, and H,O, is catalyzed by metal- 
containing SODs (Bowler et al., 1992). 

Recently, evidence that Fe uptake leads to an oxidative 
stress has been acquired for Escherichia coli and yeast. In- 
deed, genes coding for both Fe uptake and oxidative stress 
response are regulated by the same transcription factors in 
these organisms. E.  coli has uptake systems for Fe3+ che- 
lates (Kampfenkel and Braun, 1993) and Fe2+ (Kammler et 
al., 1993). The transport genes are repressed under condi- 
tions of Fe sufficiency by the Fur repressor protein that is 
activated through binding to Fe2+ (Braun and Hantke, 
1990). The Fur protein serves also as a transcriptional reg- 
ulator of sodA (coding for MnSOD) and sodB (FeSOD) (Fee, 
1991). In the eukaryote Saccharomyces cerevisiae, Fe uptake 
requires, as in roots of dicots, a reduction step and the 
subsequent translocation of Fe2’ across the cytoplasmic 
membrane via a still unknown transport protein. The ex- 
pression of the F R E I  gene, coding for the transmembrane 
Fe3+ reductase of yeast, is repressed by Fe (Dancis et al., 
1992). The transcription factor MACl is necessary for the 
basal transcription level of F R E I  and for the feedback 

Abbreviations: ASA, ascorbate; DAsA, dehydroascorbate; F,, 
fluorescence yield with a saturating pulse in dark-adapted mate- 
rial; F,, ground fluorescence obtained by using a weak non-actinic 
modulated beam in the dark; G6PDH, glucose-6-phosphate dehy- 
drogenase; NADP-MDH, malate dehydrogenase (NADP depen- 
dent); QA, the primary acceptor site of PSII; qQ, photochemical 
quenching; qNP, nonphotochemical quenching; SOD, superoxide 
dismutase. 
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regulation by elevated Fe. Most noteworthy, MACl is also 
involved in the transcription of CTT1, which encodes the 
cytosolic catalase (Jungmann et al., 1993). 

The aim of this work was to investigate whether the 
uptake of Fe leads to an oxidative stress in plants, thus 
necessitating a co-regulation of Fe uptake and oxidative 
stress response. Here, we describe a new means of ap- 
proaching this problem. This method takes advantage of 
plant growth in hydroponic culture and the very rapid 
infiltration of any kind of water-soluble toxic compound 
upon partia1 root cutting via the transpiration stream. By 
measuring photosynthesis, respiration, Chl fluorescence 
parameters, carbohydrates, extractable activity of selected 
enzymes, and levels of antioxidants, we show that moder- 
ate increases in the leaf Fe content have a dramatic effect on 
overall plant metabolism. 

MATERIALS A N D  METHODS 

Plant Material and Growth Conditions 

Seeds of Nicotiana plumbaginifolia L. were incubated over- 
night in 0.05% (w/v) GA, solution and germinated on 
vermiculite moistened with saturated CaSO, solution. Af- 
ter 10 d, seedlings were separated, grown in saucers filled 
with vermiculite, and supplied with nutrition solution. 
After 14 d, the plantlets were transferred to allow hydro- 
ponic culture. Plants were grown in an aerated nutrient 
solution of pH 5.6 containing Ca(NO,), (2.0 mM), K,SO, 
(0.7 mM), MgSO, (0.5 mM), KC1 (0.1 mM), and KH,PO, 
(0.1 mM) as macronutrients and H,BO, (10 p ~ ) ,  MnSO, (0.5 
p ~ ) ,  ZnSO, (0.5 p ~ ) ,  CuSO, (0.2 p ~ ) ,  and (NH,),Mo,O,, 
(0.01 p ~ )  as trace elements. Fe was supplied as 30 p~ 
Fe(II1)-EDTA (sodium salt; Fluka Chemie AG, Buchs, 
Switzerland). 

For hydroponic culture, plants were grown in rectangu- 
lar polyethylene containers (60 X 16 cm, 12 cm deep) 
containing 7.5 L of nutrient solution. Nutrient solutions 
were changed every 10 d and transpiration losses were 
replenished every 2 d. After 10 d, the pH had increased by 
1.6 ? 0.1 units (mean 5 SD, n = 8), depending on the plant 
age. Plants were grown in a controlled environment cham- 
ber: 24 to 26"C, 16 h light, 8 h dark, 130 pmol m-'s-l light 
intensity at the leve1 of the lowest leaf, and 45 to 55% RH. 

lnduction of Fe Excess and Plant Harvest 

Seven- to 8-week-old plants of uniform size were se- 
lected. At this stage the plants were about 25 cm tal1 and 
had formed an immature inflorescence. Only middle-aged, 
unshaded leaves of comparable size were harvested. The 
smallest and largest leaves used were 10 and 18 cm long, 
respectively. Fe excess was induced upon root cutting in 
the presence of fresh nutrient solution containing 100 p~ 
Fe(II1)-EDTA and 100 p~ additional MgSO, (pH of the 
final solution was 6.3). When the roots had been cut, con- 
trol plants were placed in nutrient solution without Fe but 
with, instead, 100 PM MgSO, and 100 PM Na,-EDTA. These 
were supplied from a 0.1 M stock of MgSO, and Na,-EDTA 
adjusted to pH 6.3 to allow Mg-EDTA complex formation. 

Upon root cutting, a second set of control plants was 
placed in a fresh solution without Fe but wiih 100 p~ 
MgSO, (pH 6.3). Roots were cut at the beginriing of the 
light period by removing two-thirds of the root length with 
a scalpel. 

Twelve hours after the roots were cut, four to six leaves 
of each plant were harvested. Three to five leaf rliscs of 1.3 
cm diameter were collected from each leaf using a cork 
borer to determine fresh weight and Chl content. The rest 
of the leaves were divided in halves by renioving the 
middle ribs. One part of these halves was shoc k-frozen in 
liquid N, and stored at -80°C until analysis. The other part 
was weighed and subsequently subjected to Fe determina- 
tion. Four control and four Fe excess plants were analyzed 
separately for each parameter. 

Fe Content Determination 

Leaf material equivalent to 5 to 11 g fresh weight was 
dried in an oven at 60°C overnight, weighetl, and dry 
ashed overnight in a muffle oven at 500°C. Tlie ash was 
dissolved in a beaker with 20 mL of hot (70°C) 3 M HNO, 
and wet digested by boiling for 30 min. Evaporation losses 
were continuously replenished by adding hot 3 M HNO,. 
After 30 min, the solution was filtered through a blue band 
filter (type 589,; Schleicher & Schuell, Dassel, Germany) in 
a volumetric flask. Beakers were washed severa1 times with 
hot 3 M HNO, and the filters were subsequently rinsed 
twice with 5 mL of double-distilled water. Digests were 
analyzed for Fe directly or after additional dilution with 
1% (v/v) HNO, by atomic spectroscopy using a 
SpetrAA-10 spectrophotometer (Varian Analyt ical Instru- 
ments, San Fernando, CA) and standard Fe solutions. 

Enzyme Determinations 

About 0.4 to 0.6 g of frozen leaf material was ground to 
a fine powder in a prechilled mortar. The powder was 
extracted in 1 mL of 50 mM Hepes (pH 7.4), 5 I ~ M  MgCl,, 
1 mM EDTA, 1 mM EGTA, 0.1% (v/v) Triton X-100, 1 mM 
PMSF, 4 mM benzamidine, 4 mM 6-aminocapr~ic acid by 
vortexing until completely thawed. Aliquots (1ClO FL) were 
frozen in liquid N, until assayed. Thawed extracts were 
centrifuged for 5 min at 15,600g (4'0, and alicuots of the 
supernatant equivalent to 1.5 to 3.5 pg of Chl were used for 
enzyme activity measurements. Activity was assayed at 
25°C by following the A change in a I-mL reactjon mixture 
using a UV-160A spectrophotometer (Shimadzu Scientific 
Instruments, Columbia, MD). 

Catalase activity was measured as described by Cakmak 
and Marschner (1992). ASA peroxidase was determined as 
described by Klapheck et al. (1990). GSH peroxidase was 
measured according to the method of Drotar et al. (1985). 
Corrections were made for the GSH peroxid,ise activity 
present as impurity in the commercially available GSH 
reductase from yeast (type I11 from bakers yeiist; Sigma). 
SOD activity was measured with the nitroblue tlztrazolium- 
based assay as described by Beyer and Fridovich (1987). 
Linearization of the SOD inhibited nitroblue .etrazolium 
reduction and definition of 1 SOD unit was entirely as 
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described by Giannopolitis and Ries (1977) using increas- 
ing amounts of crude extract. G6PDH measurements were 
carried out as described by Graeve et al. (1994). To approx- 
imate the chloroplastic G6PDH activity, a sample was pre- 
incubated for 10 min at room temperature in 0.1 M Tris-HC1 
(pH %O), 62.5 mM DTT. NADP-MDH was activated by 
incubation of the sample with 0.1 M Tris-HC1 (pH %O), 62.5 
mM DTT at room temperature for 10 min prior to the 
determination of enzyme activity. Activity was assayed as 
described by Kampfenkel (1992). 

Chl, Pheophytin, and Protein Determination 

Chl content was measured according to the method of 
Arnon (1949). Pheophytin was determined after acid ex- 
traction with 6% (w/v) TCA or 10% (v/v) HC10, as de- 
scribed by Hipkins and Baker (1986). Soluble protein was 
estimated with a colorimetric assay using a bicinchoninic 
acid/CuSO, mixture (Smith et al., 1985) according to the 
supplier’s instructions (Sigma). BSA served as a standard. 
Total protein was obtained using aliquots of the enzyme 
extract (see above) brought to 1.0% (v/v) Triton X-100 to 
solubilize membrane proteins during a 30-min incubation 
period at room temperature with slight shaking. Insoluble 
material and membranes were subsequently sedimented 
by centrifugation at 15,6008 for 30 min. The supernatant 
was assayed by the detergent-insensitive bicinchoninic ac- 
id/CuSO, method (Smith et al., 1985). 

IEF and SOD Activity Stain 

IEF with aliquots of the enzyme extracts (see above) 
using Ampholine PAG plates (pH 4-6.5; Pharmacia, Upp- 
sala, Sweden) was performed with the MultiphorII electro- 
phoresis unit (Pharmacia) as recommended by the sup- 
plier. SOD activity was assayed on IEF gels using the in situ 
staining technique of Beauchamp and Fridovich (1971). 

Determination of Soluble Sugars and Starch 

Leaf discs were taken at different times, lyophilized, 
homogenized with an electric drill, and extracted in 500 p L  
per disc of 80% (v/v) ethanol(10 mM Hepes-KOH [pH 7.81, 
1 mM MgCl,) at 80°C for 4 min with vigorous shaking as 
described by Sonnewald et al. (1991). The supernatant ob- 
tained after 10 min at 15,6008 was used for the enzymatic 
determination of Glc, Fru, and Suc as described by Stitt et 
al. (1989). The pellet was washed with 1 mL of ice-cold 
water. The sediment was then resuspended in 200 pL of 
100 mM sodium-acetate buffer (pH 4.7) and autoclaved for 
2 h at 125°C. Subsequently, 5 units/mL of amylase and 
amyloglucosidase (Boehringer Mannheim, Germany) were 
added and incubated for 2 h at 37°C with shaking. After the 
sample was heat inactivated (95°C for 3 min) and centri- 
fuged (10 min at 15,6OOg), the supernatant was subjected to 
Glc determination as described by Stitt et al. (1989). 

Gas Exchange and Chl Fluorescence Measurements 

Samples (two leaf discs from two plants per experiment, 
diameter 3.5 cm) were removed from selected areas of the 

leaves 12 h after root cutting and the plants continued to 
grow in the light. Two experiments per treatment were 
performed. Photosynthesis and respiration were measured 
at 15°C in a leaf disc O, electrode (Hansatech, Kings Lynn, 
UK) modified for simultaneous measurements of O, evo- 
lution and Chl fluorescence. CO, was supplied from 400 p L  
of 2 M carbonate buffer (pH 9.2) containing 5 units/mL 
carbonic anhydrase. The plant material was predarkened 
for 30 min prior to the measurements. 

Chl fluorescence was measured with a PAM Chl fluores- 
cence measuring system (Walz, Effeltrich, Germany) using 
actinic light of 570 pmol m-’ s-l and a 800-ms pulse of 
saturating light of 2600 pmol m - ’ ~ - ~  to differentiate be- 
tween the qQ and the qNP. The F ,  was measured using a 
1.6-kHz measuring beam with an irradiance of less than 0.1 
pmol m-’ s-’. A11 estimates of qQ and qNP in steady state 
were related to F, as described by Schreiber et al. (1986). 

Metabolite Measurements 

ASA and DAsA were determined according to the 
method of Okamura (1980) with modifications for leaf 
tissue. Frozen leaf material (0.4-0.8 g) was ground to a fine 
powder in a prechilled mortar and 0.8 mL of 6% (w/v) 
TCA was added. The frozen TCA was reduced to a fine 
powder. The mixture was continually homogenized until 
completely thawed, allowed to stand for 15 min on ice, and 
centrifuged in 2-mL reaction vessels for 5 min at 15,6008 
(4°C). The clear supernatant was immediately assayed. 
Total ASA (ASA plus DAsA) was measured after reduction 
of DAsA with DTT. Concentrations of DAsA were calcu- 
lated from the difference of total ASA and ASA (without 
pretreatment with DTT). The reaction medium for total 
ASA contained 0.2 mL of the supernatant and 0.6 mL of 0.2 
M phosphate buffer (pH 7.4), 10 mM DTT. After a 15-min 
incubation in a water bath at 42”C, 0.2 mL of 0.5% (w/v) 
N-ethylmaleimide was added to remove excess DTT. Incu- 
bation lasted for 1 min at room temperature. The reaction 
mixture for ASA contained 0.2 mL of the supernatant, 0.6 
mL of 0.2 M phosphate buffer (pH 7.4), and 0.2 mL of 
double-distilled H,O. In both reaction mixtures, the color 
was developed after addition of 1 mL of 10% (w/v) TCA, 
0.8 mL of 42% (v/v) o-phosphoric acid, 0.8 mL of 4% (w/v) 
a,a’-dipyridyl (dissolved in 70% [v/v] ethanol), and 0.4 mL 
of 3% (w/v) FeC1,. Mixtures were incubated in a water 
bath at 42°C for 40 min and subsequently the A,,, was 
read. Corrections were made for color development in the 
absence of sample. ASA and DAsA (both from Sigma) were 
dissolved in 6% (w/v) TCA and used for calibration. 

GSH and GSSG were assayed as described by Griffith 
(1980) with slight modifications. Frozen leaf material (0.2- 
0.4 g) was ground to a fine powder in a prechilled mortar, 
and 0.8 mL of 10% (v/v) HC10, was added. The frozen 
HC10, was ground to a fine powder and the mixture 
continually homogenized until completely thawed. After 
incubation on ice for 15 min the precipitated protein was 
removed by centrifugation, and the supernatant was neu- 
tralized by successive addition of 1 M triethanolamine, 5 M 

KOH.according to the method of Stitt et al. (1989). The 
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resulting KClO, precipitate was removed by centrifugation 
for 5 min at 15,600g (4°C). The clear supernatant was as- 
sayed immediately. To assay for GSSG, endogenous GSH 
was masked with 2-vinylpyridine. The supernatant (450 
pL) was mixed vigorously with 9 pL of 2-vinylpyridine for 
1 min and subsequently incubated for 1 h at 30°C in a water 
bath. Total GSH (GSH and GSSG) and GSSG were mea- 
sured in a I-mL reaction volume containing 0.2 mL of 
sample and 0.8 mL of 125 mM phosphate buffer (pH 7.5), 
6.3 mM EDTA, 0.26 mM NADPH, and 0.75 mM 5,5‘-dithio- 
bis(2-nitrobenzoic acid). Upon the addition of 0.5 unit of 
GSH reductase (type I11 from baker’s yeast; Sigma), the 
change in A,,, was recorded for 3 min at 30°C using a 
HP8452A Diode Array spectrophotometer (Hewlett-Pack- 
ard, Palo Alto, CA). The GSH content of the sample was 
determined by comparison of the rate of 5,5’-dithiobis(2- 
nitrobenzoic acid) reduction observed to standard curves 
generated with known amounts of GSH and GSSG (both 
from Sigma). Reduced GSH was determined as the differ- 
ence between total GSH and GSSG. 

Recoveries for a11 measured metabolites were estimated 
by extraction of leaf material in the presence of a standard 
mixture containing a 2- to 3-fold excess over the endoge- 
nous metabolites and subsequent analysis. Recoveries 
were: ASA, 73 ? 5%; DAsA, 105 ? 2%; GSH, 95 ? 11%; 
GSSG, 99 ? 10% (mean % SD, n = 4). Recoveries were 
proven to be the same for control and Fe-stressed leaf 
material (data not shown). 

RESULTS 

Effects of Fe Excess on Plant Crowth 

Fe excess was induced upon root cuttings, two-thirds of 
the root were removed, and hydroponic growth was con- 
tinued in the presence of 100 ~ L M  Fe(II1)-EDTA and in the 
light. A11 visible phenotypes described below were inde- 
pendent of the plant age (from two-leaf stage to flowering) 
and were always the same based on observations of about 
100 plants. To elucidate any effect by EDTA, control plants 
were treated when the roots were cut with a nutrient 
solution containing additional 100 PM Mg-EDTA in the 
absence of Fe. In a second set of control plants, the effect of 
only 100 p~ additional MgSO, in the absence of Fe was 
analyzed. After 6 h, the Fe-treated plants showed slight 
symptoms of toxicity by uptake of Fe from the nutrient 
solution via the transpiration stream. Leaves were covered 
with some faint spots 2 to 3 mm in diameter that appeared 
next to the veins. Some leaves showed a bright surface, 
indicating water loss by disruption of leaf tissue. After 9 h, 
the spots became more numerous and slightly larger and 
started to cover the whole leaf surface. Twelve hours after 
the roots were cut, a11 leaves were covered with small 
brown spots. In addition, some larger and irregularly 
shaped yellow patches appeared between the veins. After 
12 h, none of the control plants showed any visible pheno- 
type. Whereas the Fe excess phenotype was only slightly 
more pronounced after 24 h, now also some of the control 
plants (10-20%) treated with Mg-EDTA showed a few ne- 
crotic spots (Fig. 1, A and B). However, these few spots 

were qualitatively different, appeared only on a small 
number of control plants, and always appeared later than 
the Fe toxicity symptoms. In addition, this Mg-IiDTA phe- 
notype remained unchanged even after extend 2d growth 
for 5 d (data not shown). Control plants treated with 100 
p~ MgSO, were indistinguishable from wild type (Fig. 1, 
A and B) even after 5 d (data not shown). Figure 1C shows 
plants 5 d after roots were cut and treated with FI?. The very 
young leaves were green and unaffected. This was due to 
the repair of the root damage within the first 24 to 48 h, 
allowing controlled uptake of nutrients again and, thus, 
normal Fe supply to the young developing leaves. Recut- 
ting of the roots resulted in the same Fe excess phenotype 
of these leaves (data not shown). Figure 1D shows in 
greater detail two Fe-stressed leaves after 5 d. Because of 
partia1 shading two sectors were less affected. However, 
this was not indicative of a light-dependent Fe toxicity but 
rather of a reduced transpiration of the shaded areas and 
thus reduced uptake of Fe. This was concludecl from leaf 
disc experiments. Dark incubation of leaf discs in the pres- 
ente of 1 mM Fe(II1)-EDTA led to the same visible symp- 
toms of Fe toxicity after 24 h (data not shown). 

To be sure that the described toxicity phenotype was 
related to an increase in the leaf Fe content, Fe concentra- 
tions were determined for control and Fe exc-ess plants 
after 12 h. Indeed, the leaf Fe content doubled from 0.29 2 
0.03 to 0.65 ? 0.07 pg cm-’ in the Fe-stressed p h t s  (Table 
I). Whereas the leaves of N. plumbaginifolia plants treated 
with 100 p~ Fe(II1)-EDTA for 12 h already showed severe 
morphological signs of Fe toxicity, there were nearly none 
or only slight differences in fresh weight, dry weight, and 
Chl, soluble protein, and total protein content cclmpared to 
the control (Table I). 

Carbohydrates, O, Exchange, and Chl Fluoresceiice 

The control plants grown upon root cuttings in the pres- 
ente of 100 p~ Mg-EDTA had a much highe.: total leaf 
carbohydrate pool (starch plus SUC plus hexoses) than the 
Fe-stressed plants (Table 11) at the end of the 1ig;ht periods 
(16 and 40 h). The ratio of soluble sugars (SUC ar d hexoses) 
to starch was strongly decreased in the Fe-treated leaves 
compared to the control. This was due to a relatively larger 
decrease in free hexoses than in starch (Table 11). SUC con- 
tents remained nearly unchanged. At the end of the dark 
period upon root cuttings (24 h), the content of free hexoses 
was much higher compared to that at the onset of the 
preceding light period (O h) in both control and Fe-stressed 
leaves (Table 11). 

The C0,-saturated rate of photosynthesis ai: low light 
intensities was decreased by 40% in the Fe-stressed leaves 
after 12 h (Fig. 2). Under light saturation the photosynthetic 
rate was reduced from 126 to 86 pmol O, h-’ mg-’ Chl. In 
marked contrast, the respiration rate of the darkmed leaves 
was nearly doubled after 12 h of Fe stress when compared 
with control plants treated with 100 FM Mg-EDTA for 12 h 
and increased from 4.4 to 7.9 pmol O, h-l mg-.’ Chl. The 
photosynthesis and respiration rates were well within the 
range reported for N. plumbaginifolia (Foyer et d., 1994). 



Effects of Iron Excess on Nicotiana plumbaginifolia Plants 729

Figure 1. Phenotype of Fe excess plants. Symptoms were independent of plant age. A, Six-week-old plants in the rosette
stage grown after their roots had been cut for 24 h (see "Materials and Methods") in the presence of 100 ^M Mg-EDTA (left),
100 /xM Fe(lll)-EDTA (middle), and 100 JU.M additional MgSO4 (right). Note that all treatments were performed in a nutrient
solution without Fe (see "Materials and Methods"). B, Detailed view of leaves from the same plants as in A. C, Nine-week-old
plants grown after their roots had been cut for 5 d in the presence of 100 ;UM Fe(lll)-EDTA. Note unaffected young leaves
and flowers. D, Two leaves from the same plants as in C. Note less damaged sections due to reduced transpiration by partial
shading. After 5 d, the visible phenotype of the Mg-EDTA-treated plants was indistinguishable from the appearance after 24
h (data not shown).

Three different Chl fluorescence parameters (Fm/F0 ra-
tio, qQ, and qNP) were measured to provide insight into
the response of the photosynthetic electron transport. A
decrease in the Fm/F0 ratio indicates that the leaf has been
photoinhibited (Bjorkman and Powles, 1984). Light-ex-
posed control leaves had an Fm/F0 ratio of 5.0, which is
typical for unstressed leaf material. The Fm/F0 ratio of the
Fe-stressed leaves was decreased to 4.1, showing that pho-
toinhibition occurred after 12 h. The qQ is a measure for the
reduction state of QA (Schreiber et al., 1986). Under all light
intensities, QA was more strongly reduced by about 10% in
the Fe-stressed leaves (Fig. 3A). This shows that the inhi-
bition of photosynthesis is accompanied by increased re-
duction of PSII. The qNP is composed of several compo-
nents (Quick and Stitt, 1989). Even under low light
intensities, qNP was increased by 40 to 60% in the Fe-
treated leaves compared to the control (Fig. 3B). This indi-
cates that Fe-induced inhibition of photosynthesis is ac-
companied by a higher thylakoid energization.

All measured Chl fluorescence parameters of the control
plants were identical with those previously reported for

unstressed N. plumbaginifolia wild-type plants (Foyer et al.,
1994).

Activities of Oxidative Stress-Responsive Enzymes

The effect of 12 h of Fe excess on the specific activities of
catalase, AsA peroxidase, GSH peroxidase, SOD, and
G6PDH in leaves is shown in Figure 4. Both catalase and
AsA peroxidase activities nearly doubled within 12 h of Fe
stress. The specific activity of catalase increased from 0.005
± 0.001 /imol min"1 mg^1 protein in the control to 0.009 ±
0.001 /xmol min"1 mg~' protein in the Fe-stressed leaves.
The AsA peroxidase activity increased from 0.88 ± 0.15 to
1.70 ± 0.22 ju.mol min"1 mg"1 protein. There were no
significant changes in GSH peroxidase and SOD activities
(Fig. 4). The changes were most pronounced for G6PDH;
the Fe excess-exposed leaves contained 2- to 3-fold higher
activity than the control leaves (from 0.010 ± 0.003 to 0.026
± 0.005 /Limol min~' mg~' protein; Fig. 4).

In vitro, the chloroplast G6PDH can be inactivated by a
reductant such as DTT (Johnson, 1972). In contrast, the
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Table 1. Evolution o f  various plant parameters for control and Fe excess-exposed plants 

Fresh weight, dry weight, and Chl, soluble protein, total protein, and Fe contents were determined in control plants treated with 100 p~ 
Mg-EDTA and Fe excess-exposed plants 12 h after root cuttings as described in “Materials and Methods.” Data are mean values t SD from four 
measurements (10 measurements in the case of fresh weight). Dry weight and Fe content were determined only once per plant. For each 
parameter average values ? SD are indicated based on analysis of four individual control and four individual Fe excess-exposed plants. 

Soluble Total Protein/ 
Protein/Chl Soluble Protein 

Soluble Protein Total Protein Fe Content Plant Fresh Wt Dry Wt Chl 

Control plants 
c 1  
c2 
c3 
c4 
Mean 

+1 
+2 
+3 
+4 
Mean 

Fe excess plants 

27.74 2 6.68 2.09 29.9 ? 2.9 
34.89 ? 7.00 2.16 25.1 ? 1.8 
33.61 ? 4.51 2.21 29.2 ? 2.3 
33.68 t 6.62 2.20 27.2 t 3.2 
32.48 ? 3.21 2.17 ? 0.05 27.9 t 2.2 

27.59 ? 5.99 2.1 7 31.1 2 3.8 
35.71 ? 4.42 2.38 28.4 ? 3.8 
30.30 ? 6.16 2.1 5 29.5 ? 3.3 
25.26 t 3.88 1.92 31.4 t 4.7 
29.72 t 4.50 2.1 6 2 0.19 30.1 ? 1.4 

199.2 t 3.3 
174.1 2 4.9 
277.6 ? 13.2 
149.8 t 10.3 
200.2 t 55.4 

198.8 2 18.7 
163.6 ? 17.3 
265.0 2 20.0 
189.0 ? 9.9 
204.1 2 43.2 

365.8 ? 12.1 0.27 6.7 1.8 
304.6 ? 23.8 0.26 6.9 1.7 
495.9 ? 29.6 0.32 9.5 1.8 
412.6 ? 20.6 0.31 5.5 2.8 
394.7 ? 80.7 0.29 t 0.03 7.2 t 1.7 2.0 ? 0.5 

415.5 ? 16.0 0.76 6.4 2.1 
363.2 2 34.2 0.63 5.8 2.2 
549.0 2 42.5 0.60 9.0 2.1 
463.7 2 36.0 0.62 6.0 2.5 
447.9 ? 78.9 0.65 ? 0.07 6.8 ? 1.5 2.2 t 0.2 

cytosolic G6PDH is not inactivated by DTT (Graeve et al., 
1994). This different behavior can be used to approximate 
the relative activities of the cytosolic and chloroplastic 
G6PDH upon preincubation with DTT (see “Materials and 
Methods”). In both control and Fe excess-exposed samples, 
the G6PDH activity remained unchanged after incubation 
with DTT (data not shown). As a positive control the 
activity of NADP-MDH, another chloroplast enzyme that is 
activated in vitro by DTT, was measured (Kampfenkel, 
1992). Whereas the nontreated sample showed no measur- 
able NADP-MDH activity, the activity was increased after 
incubation with DTT to 0.056 +- 0.005 kmol min-’ mg-’ 
protein. This result indicated that the DTT pretreatment 
used should have been sufficient to also reduce chloroplas- 
tic G6PDH. Because the G6PDH activity remained un- 
changed in control and Fe-stressed samples after incuba- 
tion in the presence of DTT, it can be concluded that either 
the chloroplastic enzyme cannot be detected in a crude 
extract because of low abundance or that the chloroplastic 
G6PDH is extremely unstable (Graeve et al., 1994). Taken 
together, these results suggest that the increase in G6PDH 

activity under Fe excess conditions is mainly if not exclu- 
sively due to the cytosolic G6PDH. 

Severa1 SOD forms contribute to the measurable total 
SOD activity in a crude leaf extract (Bowler e1 al., 1992). 
Therefore, it was possible that a decrease of one SOD form 
was masked by a compensatory increase in another form. 
The levels of individual SOD isoforms were assessed by 
subjecting extracts of leaf samples of the four control and 
four Fe excess-exposed plants to IEF and subsequent activ- 
ity staining on a gel. The activity stain revealed three bands 
of SOD activity in leaf samples of N. plumbaginifolia (Fig. 5) .  
Inhibition studies with H,O, and KCN, routindy used to 
distinguish between Cu/Zn-, Mn-, and FeSOD (Bowler et 
al., 1989), showed that the upper faint band was ,in MnSOD 
(resistant to H,O, and KCN), the middle band was an 
FeSOD (resistant to KCN and sensitive to H,O,), and the 
lower band was a Cu/ZnSOD (sensitive to H,O, and KCN) 
(J. Kurepa, personal communication). Other SOD bands 
could not be detected. Figure 5 clearly shows that there 
were no significant changes in the levels of indiaidual SOD 
isoenzymes. 

Table II. Carbohydrate contents o f  leaves from control and Fe-stressed plants measured at different times after root cutting 

of the following illumination period (40 h). Light intensity was 130 pmol s-’ 
different Fe excess-exposed plants. ZC,,Total sum of hexose equivalents. 

Measurements were at the beginning of the light period (O h), the end of the light period (1 6 h), the end of the dark period (24 h), and the end 
Data are means 2 SD from four different con8rol and four 

Metabolite Contents 
Time of Soluble Sugar/ 
Harvest Starch Ratio Sample 

Clc Fru suc Starch PC, 
h 

Control O 
16 
24 
40 

Fe excess O 
16 
24 
40 

20 2 5 
225 t 29 

83 ? 35 
139 ? 33 
20 ? 5 
62 ? 12 
45 ? 7 
41 ? 8 

19 2 2 
306 t 69 
138 ? 84 
198 ? 46 
2 0 2  12 

102 ? 34 
94 ? 4 
51 2 11 

nmol hexose cm 

3 ? 1  
13 2 1 

3 2 1  
11 2 1  

3 ? 1  
1 0 ?  2 

3 ? 1  
11 ? 4  

-2 

132 ? 50 
659 2 263 

85 t 70 
666 t 241 
174 t 56 
495 ? 275 
176 2 83 
5 1 6 ?  105 

174 
1203 

309 
1014 

21 7 
669 
31 8 
61 9 

0.32 
0.83 
2.64 
0.52 
0.25 
0.35 
0.81 
0.20 
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Figure 2. Effect of light intensity on the rate of O, evolution in 
control leaves ( + )  and Fe-treated leaves (A). Measurements were 
performed under saturating CO, 12  h after roots had been cut as 
described in "Materials and Methods." Representative results are 
shown. 

Effect of Fe Excess on Antioxidant Levels 

Metabolite levels were compared in control leaves and 
Fe-stressed leaves 12 h after the roots had been cut and 
continued to grow in the light (Table 111). Both control and 
Fe-treated leaves of individual plants, although of uniform 
size and grown under identical conditions, showed large 
deviations in the endogenous levels of ASA, DAsA, GSH, 
and GSSG. However, based on the average values, within 
12 h Fe excess led to a decrease in both the ASA content 
(from 0.86 ? 0.20 to 0.59 ? 0.15 pmol g-' fresh weight) and 
GSH content (from 0.25 ? 0.10 to 0.18 ? 0.12 pmol g-' 
fresh weight) of 30%. At the same time, this resulted, taking 
the recoveries into account, in equivalent increases of the 
DAsA and GSSG contents (Table 111). The endogenous 
DAsA leve1 in control plants was below the detection limit 
of 0.04 pmol g-' fresh weight of the assay used (see "Ma- 
terials and Methods"). Also the GSSG content in control 
leaves was very low at 0.01 ? 0.004 pmol g-' fresh weight 
(Table 111). Apparently, there was no net increase in the 
total amounts of ASA and DAsA or of GSH and GSSG after 
12 h of Fe excess. 

DI SCUSSION 

A method was developed to allow rapid infiltration of 
Fe(II1)-EDTA in plant tissue. We circumvented the root 
uptake system by partia1 remova1 of the roots. This permit- 
ted uncontrolled uptake of water-soluble compounds sim- 
ply via the transpiration stream in the light. To evaluate 
any toxic effect by EDTA, we chose N. plumbaginifolia 
plants as a control, which were placed after the roots had 
been cut in a nutrient solution without Fe but with 100 p~ 
Mg-EDTA instead. Although after 24 h about 20% of these 
control plants developed a few necrotic spots on their 
leaves (Fig. lA), this can be discounted on the basis of 
severa1 physiological parameters that indicated that these 

plants behaved like untreated plants. Respiration rate, pho- 
tosynthesis rate (Fig. 2), qQ and qNP (Fig. 31, soluble 
protein/Chl ratio (Table I), and carbohydrate content (Ta- 
ble 11) were nearly identical with the values obtained by 
Foyer et al. (1994) for N. plumbaginifolia wild-type plants. 
This can also be concluded from the redox states of the 
AsA/DAsA and GSH/GSSG couples. They are known for 
the close relative N. tabacum to be strongly reduced in 
unstressed leaf material (Foyer et al., 1991). Indeed, in the 
control plants used here, the GSH/GSSG couple was re- 
duced to 96%, and for the AsA/DAsA the oxidized form 
could not even be detected (Table 111). This demonstrates 
that the control was not particularly stressed by the root 
cutting or by the presence of 100 p~ Mg-EDTA. 

Addition of 100 p~ Fe(II1)-EDTA to hydroponically 
grown N. plumbaginifolia plants upon root cutting led to 
visible toxicity symptoms after 6 h, finally resulting in faint 
brown and necrotic spots covering the whole leaf surface 
(Fig. 1). Within 12 h, the Fe content of leaves was doubled, 
indicating that this phenotype was caused by excess Fe 
(Table I). A similar phenotype has been described for an 
Fe-overaccumulating pea mutant (Kneen et al., 1990) that 
had about a 60-fold higher leaf Fe content compared to 
wild type (Welch and LaRue, 1990). This Fe excess pheno- 
type of pea has been investigated in more detail by means 
of light microscopy and EM (Guine1 and LaRue, 1990). This 

1 
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Figure 3. Curves of QA reduction (A) and q N P  (B) in response to light 
measured under saturating CO, in the same experimentas shown in 
Figure 2. Control leaves ( + )  and Fe-stressed leaves (A). Representa- 
tive results are shown. 
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Figure 4. Catalase, AsA peroxidase, GSH peroxidase, SOD, and
C6PDH activities of control leaves (plants C1-C4) and Fe-stressed
leaves (plants +1 to +4) assayed 12 h after roots had been cut.
Enzyme activities are expressed as /xmol min~' mg~1 protein with
the exception of SOD activity, which is presented as units mg~'
protein. For SOD unit definition, see "Materials and Methods." Re-
sults are means ± so (n = 4).
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Figure 5. SOD activity stain on gel after IEF of leaf sample (15 ̂ g of
protein each) from four control (C1-C4) and four Fe excess plants
( + 1 to +4). The same extracts were used as in Figure 4. 1, MnSOD;
2, FeSOD; 3, Cu/ZnSOD.

study revealed large cell wall appositions in the living cells
surrounding the dead material of the necrotic spots and
small dense inclusions in vacuoles of mesophyll cells. The
last observation is very interesting in light of findings by
Raguzzi et al. (1988), who showed that vacuoles are in-
volved in the storage of Fe in yeast cells. Based on these
observations, it is an attractive working hypothesis that
excess Fe may be somehow sequestered in these develop-
ing necrotic spots and in vacuoles of mesophyll cells. How-
ever, the intracellular distribution of Fe and the detoxifica-
tion of excess Fe by higher plants is unknown.

Although there were no major differences in fresh
weight, dry weight, or Chl, soluble protein, and total pro-
tein contents of the Fe-stressed leaves compared to controls
(Table I), Fe excess clearly had a dramatic effect on photo-
synthesis within 12 h. An increase of the leaf Fe content
decreased the CO2-saturated photosynthesis rate by 30 to
40% (Fig. 2) and the amount of starch at the end of the light
periods by 25% under ambient conditions (Table II). Inhi-
bition of photosynthesis was also revealed by the increased
energization of the thylakoid membrane, increased reduc-
tion state of PSII, and induced photoinhibition (Fig. 3). The
observed inhibition was primarily due to an impairment of
the photosynthetic electron transport and/or coupling
caused by Fe but not to a direct inhibition of end product
(starch and Sue) synthesis. This can be concluded from the
kinetics of the light-response curves of CO2-saturated pho-
tosynthesis rate (Fig. 2), reduction state of QA (Fig. 3A), and
qNP (Fig. 3B), which showed significant changes already at
very low light intensities. At low light, the CO2-saturated
photosynthesis rate was decreased by 40%, the QA was
more strongly reduced, and the qNP was increased by 60%.
Similar kinetics have been observed by Neuhaus and Stitt
(1989) by perturbing the rate of photosynthetic electron
transport with methyl viologen, acting as an alternative
electron acceptor at the acceptor site of PSI, or tentoxin,
which inhibits the CF, ATP synthase. An inhibition of end
product synthesis results in other changes that are clearly
different from those reported here. Inhibition of both Sue
and starch synthesis is also accompanied by an inhibition
of the CO2-saturated photosynthesis, increased QA reduc-
tion, and higher qNP but only at high light intensities with
little or no changes at low light (Neuhaus et al., 1989;
Neuhaus and Stitt, 1991). As a whole, these results strongly
suggest that the increase of the leaf Fe content to toxic
levels led to an increased uptake of Fe in chloroplasts and,
thus, a dramatic impairment of the total photosynthetic



Effects of lron Excess on Nicotiana plumbaginifolia Plants 733 

Table 111. Effect o f  Fe on the endogenous levels of ASA, DAsA, GSH, and GSSG as measured 12 h after root cutting 

? SD are indicated based on analysis of four control and four Fe excess-exposed plants. 
The analyses were performed as described in “Materials and Methods.” Mean values 2 SD (n = 4). For each metabolite, the average values 

Metabolite Content 

ASA DAsA CSH CSSC 
Plant 

Control plants 
c1 
c 2  
c 3  
c 4  
Mean 

+1 
+ 2  
+ 3  
+4 
Mean 

Fe excess-exposed plants 

0.95 2 0.05 
0.53 ? 0.03 
0.87 2 0.03 
1 .O7 2 0.03 
0.86 2 0.23 

0.52 2 0.02 
0.38 t 0.03 
0.70 2 0.01 
0.75 ? 0.02 
0.59 2 0.17 

pmol g- fresh wt 

N Da 0.43 ? 0.04 
ND 0.19 t 0.01 
ND 0.18 t 0.03 
ND 0.21 2 0.03 

0.25 ? 0.12 

0.22 t 0.04 0.06 t 0.01 
0.24 ? 0.02 0.06 2 0.004 
0.31 2 0.04 0.31 t 0.01 
0.47 ? 0.02 0.29 2 0.02 
0.31 t 0.11 0.18 ? 0.14 

0.007 2 0.002 
0.008 t 0.001 
0.009 2 0.001 
0.01 5 2 0.001 
0.010 2 0.004 

0.051 2 0.007 
0.046 ? 0.005 
0.020 ? 0.003 
0.032 t 0.002 
0.037 2 0.014 

a Not detectable with this assay. Detection limit for DAsA is 0.04 pmol g-’ fresh weight. 

electron transport capacity by unknown means. However, 
at the moment we do not know whether this indicates that 
chloroplasts are involved in the detoxification of excess Fe. 
We should point out that the Fe acquisition strategy of 
chloroplasts is completely unknown. 

The Calvin cycle inhibition caused by Fe through impair- 
ment of the photosynthetic electron transport chain might 
decrease the carboxylation/oxygenation ratio of the 
Rubisco reaction, thus favoring photorespiration. Fixation 
of O, by Rubisco is the primary event in this metabolic 
sequence, which leads to the uptake of O, and the evolu- 
tion of CO, (photorespiration) (Canvin, 1990). The pivotal 
role of catalase in the in vivo detoxification of photorespi- 
ratory H,O, in peroxisomes became obvious in the work of 
Kendall et al. (1983). These authors observed that a cata- 
lase-deficient mutant of barley grew poorly in normal air, 
followed by death of the older leaves, but grew well in 
0.2% CO,, a concentration known to largely suppress pho- 
torespiration. Here it is shown that Fe excess in leaves of N. 
plumbaginifoliu led to a doubling of the catalase activity 
within 12 h (Fig. 4). However, whether this increase in 
catalase activity is due to a stimulation of photorespiration 
by Fe or not needs to be further addressed. In this context 
it should be kept in mind that we measured total catalase 
activity (Fig. 4). At least two different catalases (Catl and 
Cat2) seem to contribute to the catalase activity in photo- 
synthetic tissues of N. plumbaginifolia (Willekens et al., 
1994a). At the moment we do not know whether this ob- 
served doubling of catalase activity upon Fe stress is re- 
lated to increases in Catl and/or Cat2. 

Whereas Fe excess led to an inhibition of photosynthesis 
(Fig. 2), the respiration was strongly stimulated under 
these conditions. This, together with the strongly increased 
G6PDH activity (Fig. 4), indicated a higher oxidative break- 
down of hexoses. Indeed, the Fe-stressed leaves had 
strongly reduced contents of Glc and Fru compared to the 
control (Table 11). These are most likely adaptations (within 
12 h) of the leaf to cope with the Fe-induced cellular 
damage (Fig. 1) and that deliver NADPH and ATP for 

anabolic processes. The mitochondrial MnSOD activity of 
N. plumbaginifolia was previously found to parallel closely 
the activity of the respiratory electron transport chain of 
mitochondria (Bowler et al., 1989). Also the mRNA leve1 for 
the FeSOD of N. plumbaginifoliu has been reported to in- 
crease upon chloroplastic stress, e.g. inhibition of photo- 
synthesis by methyl viologen (Tsang et al., 1991). Within 12 
h of Fe stress there was no change in total detectable SOD 
activity or in the amount of MnSOD and FeSOD compared 
with control leaves (Figs. 4 and 5). However, these results 
do not necessarily contradict previous findings by Bowler 
et al. (1989) and Tsang et al. (1991), who reported changes 
in the expression profiles of different SOD genes only 
relatively late after different kinds of stress treatments. 
Based on similar observations in N. plumbaginifolia leaves 
exposed to different stresses such as ozone, SO,, and UV-B 
treatment, Willekens et al. (199413) hypothesized that SODs 
may be part of the late plant response to an oxidative 
stress, whereas catalases especially form part of the initial 
antioxidant response. Whether different SODs are induced 
after prolonged Fe toxicity has not been investigated so far. 
There is a need for further investigations of SOD induction 
to gain deeper insight into the precise timing of the anti- 
oxidant response. 

A doubling of the endogenous leaf Fe content within 12 
h had a dramatic impact on both the visible phenotype and 
physiology of a higher plant. This is consistent with the 
hypothesis that Fe uptake will directly generate oxidative 
stress. A further indication for an Fe-induced oxidative 
stress was the apparent increased requirement to detoxify 
H,O, in leaves. Both catalase and ASA peroxidase activities 
but not the GSH peroxidase activity doubled within 12 h 
(Fig. 4). Whereas the function of plant GSH peroxidase is 
still a matter of debate, ASA peroxidase is well known to be 
important in the detoxification of H,O, (Foyer, 1993). It 
should be pointed out that the ASA peroxidase activity also 
exists in compartment-specific isoforms (chloroplastic and 
cytosolic) (Foyer, 1993). Currently, we do not know in 
which compartment the ASA peroxidase activity increased. 
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ASA peroxidase uses ASA as the electron donor for the 
reduction of H202, and the redox pairs DAsA/AsA and 
GSSG/GSH are intermediate electron carriers in the reduc- 
tion of H202 by NADPH (Foyer, 1993). Therefore, we de- 
termined the endogenous levels of the antioxidants ASA 
(Foyer, 1993) and GSH (Rennenberg and Brunold, 1994) 
and their responses to Fe excess (Table 111). To our surprise, 
both the ASA and GSH contents showed marked variations 
among individual control plants of up to 2-fold (Table 111). 

To support the reliability of these results, we determined 
the recoveries for each metabolite (see “Materials and 
Methods”). The observation that the ASA pool in leaves of 
N. plumbaginifolia seemed not to be precisely regulated is in 
niarked contrast with other reports (for review, see Foyer, 
1993, and refs. therein), indicating that the ASA pool in 
leaves of higher plants is maintained at a remarkably con- 
stant level. Cakmak and Marschner (1992) also reported 
largely deviating ASA contents in leaves of Phaseolus vul- 
garis. In accordance with other observations (Foyer, 1993; 
Rennenberg and Brunold, 1994), the GSH/GSSG and ASA/ 
DAsA pairs were strongly reduced in unstressed control 
leaves (Table 111). Both redox pairs responded to the in- 
duced Fe excess with a decrease of the reduced form by 
30% and an equivalent increase of the oxidized form within 
12 h (Table 111). This result corresponded very well with the 
observed doubling of the ASA peroxidase activity (Fig. 4) 
and further supports the view that Fe toxicity results from 
an oxidative stress. On the basis of these observations, we 
favor the following working hypothesis. In unstressed 
leaves GSH and ASA might be present in a large excess and 
not serve any apparent function under nonstress condi- 
tions; thus their levels must not be precisely regulated. 
Instead, ASA and GSH may function as a pre-existing 
buffer system to provide immediately antioxidant power 
when oxidative stress occurs. 

In conclusion, if a doubling of the leaf Fe content gives 
rise to severe cellular damage, then the intracellular 
amount of Fe must be finely regulated and precisely 
adapted to the cellular demands. Further studies are 
needed to pinpoint how higher plants sense the intracellu- 
lar Fe status and whether plants repress the uptake system 
and/or induce detoxification mechanisms in response to a 
surplus of Fe. Detailed studies will be needed to evaluate 
how excess Fe leads to the toxicity phenotype described 
here. 
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